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HIGHLIGHTS 


•  Nai+xTi2-xFex(P04)3  is  proposed  as  potential  electrodes  for  sodium  batteries. 

•  Iron  substitution  revealed  an  anisotropic  change  of  the  cell  parameters. 

•  Low  contents  of  iron  involved  high  capacity  values  and  good  capacity  retention. 

•  Lower  resistance  for  charge  transfer  and  phase  transition  at  the  interphase. 
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Current  research  trends  on  energy  storage  have  given  new  impetus  to  the  development  of  sodium-ion 
batteries.  In  this  context,  titanium  phosphates  with  a  NASICON-related  structure  are  known  to  provide 
a  stable  crystal  structure  for  sodium  mobility.  With  adequate  redox  centers,  these  materials  are  studied 
here  as  attractive  cathodes  vs.  sodium.  Powdered  solids  of  general  stoichiometry  Nai+xTi2_xFex(P04)3 
(0  <  x  <  0.8)  were  obtained  and  electrochemically  tested.  The  structural  modifications  induced  by  the 
substitution  of  Ti4+  by  Fe3+  were  analyzed  by  X-ray  diffraction  revealing  an  anisotropic  change  of  the 
unit  cell  parameters.  A  continuous  voltage  decrease  is  observed  between  2.6  and  2.0  V  in  the  iron 
containing  samples,  which  was  ascribed  to  the  contribution  of  the  Fe3+/Fe2+  redox  couple,  as  determined 
by  57Fe  Mossbauer  spectroscopy.  A  detailed  analysis  of  this  region  revealed  the  occurrence  of  local  or¬ 
derings  of  inserted  sodium  ions.  The  introduction  of  low  contents  of  iron  (x  =  0.2)  involved  a  capacity 
value  of  130.2  mA  h  g-1  after  the  first  discharge  and  a  good  capacity  retention  after  an  extended  cycling. 
It  was  correlated  to  the  low  internal  resistance  values  for  this  composition. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

According  to  excellent  reviews  recently  published,  Na-ion  bat¬ 
teries  are  now  emerging  as  a  serious  competitor  of  Li-ion  batteries 
for  particular  applications  [1,2].  A  number  of  reports  demonstrated 
the  reliability  of  sodium  batteries  to  provide  reversible  energy 
storage  devices  [3-5].  Otherwise,  the  increasing  demand  of  this 
element  needed  for  the  transportation  market  have  pointed  out  the 
possible  scarcity  of  lithium  resources  in  a  next  future  [6,7].  Sodium 
is  an  abundant  and  non-expensive  alkali  element,  environmentally 
friendship  and  full  recyclability.  These  are  outstanding  properties 
promoting  the  use  of  sodium  batteries  in  large-scale  stationary 
energy  storage  related  to  renewable  energy  and  smart  grids  [8]. 

Anode  materials,  formerly  researched  for  Li-ion  batteries,  are 
being  revisited  for  their  use  in  sodium  cells.  Thus,  surface-modified 
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carbon  microbeads  revealed  the  presence  of  internal  cavities 
contributing  to  the  optimization  of  the  electrochemical  behavior 
[9].  These  structural  defects  can  be  also  induced  in  graphitized 
carbons  by  mechanical  grinding  with  positive  effects  on  the 
insertion  of  sodium  [10].  Hard  carbons  are  potential  candidates, 
though  great  efforts  are  now  being  developed  for  diminishing  the 
irreversibility  of  the  first  cycle.  Promising  results  have  been  ach¬ 
ieved  by  optimizing  the  electrolyte  composition  [11,12].  Hierar¬ 
chically  porous  carbons  [13],  Carbon  based  hollow  nanowires  [14] 
and  N-doped  carbon  nanosheets  [15]. 

An  increasing  interest  is  being  paid  on  sodium-tin  alloys 
materials  as  negative  electrodes  [16].  Surprisingly,  Wang  et  al. 
reported  good  cyclability  of  the  tin  based  electrode  which  was 
interpreted  in  terms  of  the  absence  of  particle  cracking  or  fracture, 
despite  a  huge  volumetric  expansion  of  about  420%  [17].  Likewise, 
reversible  specific  capacities  close  to  the  theoretical  value  have 
been  achieved  for  micrometric  Sb  after  a  large  number  of  cycles, 
outperforming  the  behavior  of  this  element  in  lithium  ion  batteries 
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[18].  Also,  transition  metal  oxides  prepared  as  electrodeposited 
thin  films  have  demonstrated  a  notorious  improvement  of  the 
coulombic  efficiency  performing  sodium  driven  conversion  re¬ 
actions.  It  was  ascribed  to  the  synergic  effects  of  both  transition 
metal  elements  along  with  the  nano-crystalline  character  [19]. 

Layered  oxides  with  NaTM02  (TM:  Mn,  Fe,  Co,  Ni,  etc.)  stoichi¬ 
ometry  are  a  large  family  of  compounds.  Their  well-structured 
framework  is  more  resilient  to  structural  changes  upon  cycling, 
though  are  prone  to  absorb  water  molecules  into  the  interlayer 
space  [20-22  .  The  different  working  voltage  and  specific  capacity 
associated  to  each  transition  element  yields  a  rich  electrochemistry 
which  allows  a  fine  tune  of  the  energy  density  [23].  Recently,  much 
effort  is  being  put  on  transition  metal  polyanionic  compounds. 
The  strong  inductive  effect  exerted  by  PO4-  polyanions  with  strong 
X-0  covalence  is  responsible  for  the  relatively  high  operating 
voltage  [24].  Nevertheless,  few  examples  of  electrode  materials 
others  than  phosphate  have  been  reported  in  the  literature  [25]. 
Much  effort  is  being  put  on  transition  metal  phosphates.  The  large 
success  achieved  by  the  lithium  counterpart  with  olivine  structure 
has  encouraged  the  research  on  NaFeP04  and  related  compositions 
[26-30  .  Also,  the  incorporation  of  fluoride  anions  has  provided 
promising  electrode  materials  [31-34]. 

Transition  metal  phosphates  exhibiting  a  NASICON-type  struc¬ 
ture  are  particularly  interesting  due  to  their  compositional  variety, 
AB2(P04)3  (A:  Li+,  Na+,  Mg2+,  Mn2+,  etc;  B:  Fe3+,  V3+,  Ti4+).  The 
framework  can  be  described  as  a  three-dimensional  assembly  of 
[Ti2(P04)3]-.  The  structure  yields  octahedral  Mi  sites  sharing  faces 
with  two  adjacent  Ti06  octahedra  along  the  hexagonal  c-axis  which 
are  fully  occupied  by  sodium  atoms  in  this  stoichiometry.  These 
chains  are  linked  by  PO4  tetrahedra  sharing  corners  with  Ti06 
octahedra.  Large  octahedral  M2  vacant  sites  are  created  between 
the  PO4  tetrahedra  which  are  interconnected  to  Mi  sites  allowing  a 
diffusion  path  for  the  inserted  alkaline  ions  [35,36].  Also,  the  rigid 
framework  with  interconnected  vacant  sites  facilitates  the  inser¬ 
tion  and  fast  diffusion  of  alkaline  ions.  Delmas  et  al.  reported  the 
reversible  electrochemical  sodium  insertion  into  NaTi2(P04)3  [37]. 

The  aim  of  this  work  is  the  synthesis  and  electrochemical 
characterization  of  the  Nai+xTi2_xFex(P04)3  (0  <  x  <  0.8)  series 
as  potential  electrode  material  for  sodium  cells.  The  microstructure 
of  the  pristine  samples  will  be  analyzed  by  X-ray  diffraction 
and  electron  microscopy.  The  electrochemical  behavior  will  be 
determined  using  the  galvanostatic  method  and  impedance 
spectroscopy. 

2.  Experimental 

Samples  with  the  nominal  stoichiometry  Nai+xTi2_xFex(P04)3 
(0  <  x  <  0.8)  were  synthesized  by  dissolving  stoichiometric 
amounts  of  NaH2P04  (Panreac),  NH4H2P04  (Aldrich)  and 
Fe(N03)3-9FI20  in  deionized  water.  Citric  acid  was  added  in  2:1 
transition  metal  to  citrate  ratio.  The  further  thermal  decomposition 
of  this  carbon  source  will  yield  a  coating  improving  the  electron 
conducting  properties  of  the  transition  metal  phosphate.  An 
ethanol  solution  of  titanium  isopropoxide  with  the  appropriated 
ratio  was  poured  on  the  previous  one.  The  hydrolysis  of  the  Ti  re¬ 
agent  yields  a  slurry  which  was  ultrasonicated  for  1  h  to  ensure  the 
full  mixing  of  the  elements.  The  solvent  was  then  evaporated  and 
the  solid  precursor  was  recovered  and  ground.  The  precursor  was 
eventually  annealed  in  an  argon  atmosphere  at  750  °C  for  10  h 
using  a  heating  ramp  of  3  °C  min-1.  The  precise  carbon  content  in 
these  samples  was  determined  by  using  an  Elemental  CHNS 
Eurovector  EA  3000  analyser  and  the  mass  of  the  active  material 
was  corrected  accordingly. 

X-ray  diffraction  (XRD)  patterns  were  scanned  on  a  Siemens 
D5000  diffractometer  equipped  with  CuKa  radiation  and  a  graphite 


monochromator.  The  samples  were  scanned  between  10  and  110° 
(26  degrees)  in  a  step  scan  mode  (0.04°  steps/12  s).  Unit  cell  pa¬ 
rameters  were  calculated  with  Fullprof  software.  Scanning  electron 
microscopy  (SEM)  and  energy  dispersive  spectroscopy  (EDS)  anal¬ 
ysis  were  carried  out  in  a  JEOLJSM63000  microscope.  Transmission 
electron  microscopy  (TEM)  images  were  recorded  in  a  JEOL  200CX 
microscope. 

The  cycling  performance  of  sodium  cells  was  monitored  in  two- 
electrode  Swagelok™  type  cells  assembled  in  a  glove  box  under  a 
controlled  argon  atmosphere.  For  this  purpose,  the  working  elec¬ 
trodes  were  prepared  by  mixing  the  active  material  (80%),  carbon 
black  (10%)  and  PVDF  (10%)  (polyvinylidene  fluoride)  in  N-methyl- 
2-pyrrolidone.  To  ensure  a  proper  homogenization,  the  slurry  was 
vigorously  stirred  in  an  Ultraturrax  disperser  at  10,000  rpm.  The 
electrode  material  was  cast  onto  a  9  mm  aluminum  collectors  and 
vacuum  dried  at  120  °C  for  at  least  2  h.  A  9  mm  sodium  disk  was 
used  as  a  counter  electrode.  The  electrolyte  solution  was  1  M  NaPF6 
(EC: DEC)  (1%VC)  soaked  in  glass  fiber  separators  (GF/A- Whatman). 
The  test  cells  were  galvanostatically  cycled  between  1.7  and  3.6  V. 
The  charge  and  discharge  rates  will  be  expressed  as  C/n,  being  n  the 
number  of  hours  needed  for  the  insertion  of  one  sodium  per  for¬ 
mula  unit  at  the  applied  current  intensity.  Potentiostatic  Intermit¬ 
tent  Titration  Technique  (PITT)  was  performed  in  a  VMP  system 
applying  1.5  mV  potential  steps.  The  relaxation  current  was  limited 
to  0.6  pA.  Electrochemical  Impedance  Spectra  (EIS)  were  recorded 
on  an  Autolab  PGSTAT12.  Three-electrode  Swagelok™  type  cells 
were  cycled  up  to  the  end  of  the  nth  discharge  and  let  to  relax  at 
open  circuit  voltage  for  at  least  12  h  to  achieve  a  quasi-equilibrium 
state.  A  sodium  disk  was  used  as  a  reference  electrode.  The 
impedance  spectra  were  recorded  on  by  perturbing  the  equilibrium 
potential  with  an  AC  voltage  signal  of  5  mV  from  100  kFIz  to  2  mFIz. 

3.  Results  and  discussions 

XRD  patterns  of  Nai+xTi2_xFex(P04)3  (0  <  x  <  0.8)  series  are 
displayed  in  Fig.  1.  The  observed  reflections  were  indexed  in  the 
R-3c  space  group  of  the  trigonal  system  (rhombohedral  Bravais 
lattice)  as  previously  reported  for  NaTi2(P04)3  [37].  The  substitution 
of  Ti4+  by  Fe3+  ions  involves  the  incorporation  of  additional  Na+ 
ions  to  counteract  the  diminution  in  positive  charge  of  the  transi¬ 
tion  metal.  The  cell  parameters  calculated  from  the  indexed  pattern 
are  included  in  Table  1.  Because  of  Mi  sites  are  fully  occupied,  the 
additional  sodium  existing  in  the  iron  containing  samples  must  be 


Diffraction  angle  /  20  degree 

Fig.  1.  X-ray  diffraction  patterns  of  Nai+xTi2_xFex(P04)3  for  x  =  0.0,  0.2, 0,4,  0.6  and  0.8. 
Miller  indices  have  been  annotated.  Asterisks  denote  small  reflections  belonging  to 
impurities. 
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Table  1 

Cell  parameters  in  the  R-3c  space  group  for  the  Nai+xTi2_xFex(P04)3  (0.0  <  x  <  0.6) 
samples  and  P/Fe  and  Ti/Fe  atomic  ratio  measured  by  EDS. 


X 

a/ A 

cl  A 

c/a 

P/Fe 

Ti/Fe 

0.0 

8.4587(6) 

21.954(2) 

2.5954 

- 

- 

0.2 

8.4837(2) 

21.832(1) 

2.5734 

15.19 

8.85 

0.4 

8.4838(3) 

21.825(1) 

2.5725 

7.69 

3.94 

0.6 

8.4874(2) 

21.809(1) 

2.5695 

4.67 

2.34 

allocated  in  the  M2  sites.  It  is  reflected  by  a  slight  increase  of  a, 
while  c  decreases,  hence  decreasing  the  c/a  ratio.  This  result 
matches  well  with  the  tendency  reported  elsewhere  [38].  Attempts 
of  increasing  the  iron  content  over  x  =  0.6  led  to  a  non-negligible 
contribution  of  impurities  as  NaFeP207  (JCPDS  23-0681)  and 
Fe4(P207)3  (JCPDS  36-0318),  marked  with  an  asterisk  in  Fig.  1.  Even 
if  the  Na2TiFe(P04)3  has  been  reported  [38  ,  the  lower  temperature 
of  annealing  employed  in  this  work  to  ensure  the  proper  formation 
of  the  conductive  carbon  phase  may  limit  the  incorporation  of  iron 
over  x  =  0.6.  For  this  reason,  samples  with  x  >  0.6  were  discarded  in 
this  study. 

The  analysis  of  the  SEM  micrographs  of  these  samples  (Fig.  2a) 
shows  large  aggregates  of  primary  particles  mutually  inter¬ 
connected  as  a  common  feature  for  all  compositions.  These  as¬ 
semblies  generate  a  macroporous  system  which  undoubtedly 
favors  the  impregnation  with  the  electrolyte.  TEM  images  offer  a 
close  inspection  of  the  microstructural  properties  of  these  samples. 


Fig.  2.  a)  Scanning  electron  micrograph  of  Nai.2Tii.8Fe0.2(PO4)3  and  b)  Transmission 
electron  micrograph  of  Nai.6Tii.4Feo.6(P04)3. 


As  an  example,  Fig.  2b  shows  an  isolated  small  aggregate  of 
Nai.6Tii.4Feo.6(P04)3  in  which  nanometric  particles  with  irregular 
shape  and  size  are  merged.  Lamellar  carbon  particles  appears 
attached  to  the  surface  to  provide  a  good  electrical  contact  among 
the  grains  of  the  electro-active  material.  The  preparation  procedure 
involves  the  complete  evaporation  of  the  solvent  and  the  full  re¬ 
covery  of  the  solid  precursor  prior  to  annealing.  Thus,  the  compo¬ 
sition  of  the  final  product  is  expected  to  be  coincident  with  that  of 
the  precursor.  Table  1  includes  EDS  results  evidencing  that  the 
experimental  P/Fe  and  Ti/Fe  atomic  ratios  agree  well  with  the 
theoretical  stoichiometries. 

The  first  report  on  the  sodium  insertion  in  Na2+xTiFe  (P04)3 
obtained  by  solid  state  reaction  describes  a  two-phase  region  be¬ 
tween  0  <  x  <  0.5  39].  It  was  interpreted  as  a  local  ordering 
induced  by  the  ion-ion  interactions  that  distribute  the  cations  to 
minimize  the  coulombic  potential  energy.  For  x  >  1,  a  rapid 
decrease  of  potential  was  observed  due  to  the  high  electrostatic 
repulsions  between  intercalated  cations  [39].  A  more  recent  study 
on  this  composition,  similarly  prepared  by  the  solid  state  reaction 
route,  revealed  a  quite  different  profile.  The  charge  and  discharge 
curve  was  ascribed  to  a  single-phase  reaction  all  along  the  insertion 
domain.  It  was  demonstrated  by  the  current  decay  in  PITT  mode 
and  the  continuous  shift  of  the  diffraction  peaks  of  the  in  situ  XRD 
patterns  [39].  These  different  interpretations  reveal  the  complexity 
of  the  sodium  insertion  mechanism  in  this  system.  Most  likely,  it  is 
affected  by  other  factors  than  composition  as  for  instance  crystal¬ 
linity  and  particle  size  among  others. 

Voltage  versus  composition  plots  for  the  first  cycle  are  displayed 
in  Fig.  3.  The  reference  NaTi2(P04)3  sample  shows  an  extended 
plateau  at  2  V  which  has  been  attributed  to  a  two  phase  mechanism 
in  which  both  NaTi2(P04)3  and  Na3Ti2(P04)3  are  involved  [37].  On 
increasing  the  iron  content,  a  new  region  progressively  appears 
between  2.0  and  3.6  V  when  the  cell  is  discharged  at  C/10.  This 
electrochemical  feature  is  characterized  by  a  continuous  voltage 
decrease  until  the  flat  plateau  is  reached  at  2  V.  This  curve  shape 
could  be  correlated  to  a  solid  solution  mechanism.  A  PITT  experi¬ 
ment  was  carried  out  on  the  Nai.6Tii.4Feo.6(P04)3  sample  (Fig.  4).  A 
close  inspection  of  the  quasi-equilibrium  curve  recorded  on  the 
first  discharge  in  the  range  0  <  y  <  0.6  reveals  that  the  mechanism 
cannot  be  exclusively  attributed  to  a  solid  solution.  The  presence  of 
successive  small  plateaus  located  aty  =  0.02,  0.09,  0.27,  0.35,  0.52 
and  0.43,  appearing  as  bell-shaped  current  relaxation  curves,  are 
characteristic  of  local  orderings  when  sodium  is  inserted  at  those 
compositions  (Fig.  4).  Therefore,  the  insertion  of  sodium  ions  in  the 
studied  samples  involves  ionic  interactions  among  the  alkali  ions 
inserted  at  the  M2  sites.  These  local  orderings  are  limited  to  very 
short  composition  ranges.  The  coulombic  efficiency  was  calculated 
from  the  discharge  and  charge  capacities  recorded  during  the  first 
ten  cycles  at  C/10  and  the  results  are  included  in  Fig.  5.  A  low  value 
of  only  84%  was  determined  for  the  iron  free  sample  after  the  first 
cycle,  though  an  increase  was  observed  for  further  cycles.  Other¬ 
wise,  samples  containing  iron  revealed  efficiency  values  higher 
than  94%  since  the  first  cycles.  These  high  values  were  kept  at  least 
for  the  first  ten  cycles.  Efficiency  results  for  a  larger  number  of 
cycles  will  be  commented  below  at  the  light  of  Fig.  7. 

57Fe  Mossbauer  spectra  of  partially  discharged  and  subsequently 
charged  Nai.4Tii.6Feo.4(P04)3  electrodes  were  recorded  at  room 
temperature  to  monitor  the  role  of  the  Fe3+/Fe2+  redox  couple 
during  the  electrochemical  insertion/extraction  of  sodium  (Fig.  6). 
The  pristine  material  shows  a  split  signal  located  at  ca.  0.39  mm  s-1 
and  a  quadrupole  splitting  value  of  0.77  mm  s-1,  which  are  clearly 
attributed  to  the  presence  of  Fe3+  (Table  2).  This  quadrupole 
splitting  value  is  slightly  lower  than  that  recently  reported  for  a 
closely  related  lithium  containing  phosphate  [40].  It  is  indicative  of 
a  more  isotropic  local  environment  surrounding  the  iron  probe 
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y  in  Na„  .  Ti  Fe  (POJQ  y  in  Na,,  .  Ti  Fe  (PC)  )Q 

3  (1+x)+y  2-x  xx  4'3  3  (1+x)+y  2-x  xv  4'3 


Fig.  3.  Voltage  versus  capacity  curves  recorded  after  the  first  cycles  for  the  studied  samples.  Sodium  cells  were  subjected  to  a  C/10  rate. 


Fig.  4.  Step  potential  curve  for  Nai.6+yTii.4Fe0.6(PO4)3  in  the  range  between  0  <  y  <  1. 

atoms  in  the  sodium  compound.  In  order  to  determine  the  region  at 
which  trivalent  iron  is  reduced,  an  electrode  was  partially  dis¬ 
charged  at  x  =  1.  The  spectra  profile  can  be  interpreted  in  terms  of 
two  different  doublets  signals  ascribable  to  Fe3+  and  Fe2+.  The 


Fig.  5.  Plot  of  the  coulombic  efficiencies  recorded  for  cells  assembled  with 
Nai+xTi2_xFex(P04)3  (x  =  0.0,  0.2,  0,4,  0.6)  and  cycled  at  C/10. 


latter  signal  is  characterized  by  an  isomer  shift  of  1.13  mm  s-1  and  a 
quadrupole  splitting  of  2.26  mm  s-1  (Table  2).  The  contribution  of 
this  doublet  accounted  for  79%  of  the  overall  spectrum,  evidencing 
that  iron  reduction  predominantly  undergoes  in  this  first  voltage 
region.  Minor  contributions  of  Fe3+  to  this  spectrum  can  be  asso¬ 
ciated  to  kinetic  restriction  during  the  cell  discharge  at  C/10  which 
prevents  the  full  reduction  of  the  ferric  cations.  After  the  full 
discharge  at  1.7  V,  only  the  highly  split  doublet  ascribed  to  Fe2+ 
could  be  observed,  evidencing  the  efficient  contribution  of  the 
Fe3+/Fe2+  redox  couple  to  the  electrochemical  insertion  of  sodium. 
On  cell  charging,  a  spectrum  was  recorded  on  an  electrode  partially 
charged  at  x  =  1.  The  occurrence  of  a  unique  highly  split  signal 


Fig.  6.  Ex-situ  57Fe  Mossbauer  spectra  of  pristine  Nai.4Tii.6Feo.4(P04)3  sample  and 
partially  discharged  and  subsequent  charged  electrodes  during  the  first  cycle.  The  cells 
were  discharged  at  C/20. 
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Fig.  7.  Capacity  versus  the  number  of  cycles  of  sodium  cells  assembled  with 
Na1+xTi2_xFex(P04)3  (0.0  <  x  <  0.6).  Discharge  and  charge  capacity  values  are 
respectively  depicted  by  closed  and  open  symbols. 


clearly  ascribable  to  Fe2+  evidences  the  preferential  electro¬ 
chemical  activity  of  the  iron  redox  couple  at  high  voltages,  while 
titanium  reacts  along  the  extended  plateau  at  ca.  2  V.  Finally,  a 
Mossbauer  spectrum  was  recorded  on  a  fully  charged  electrode.  A 
low  split  signal  of  Fe3+  appears  at  0.416  mm  s-1  with  a  contribution 
of  74%,  while  a  small  signal  of  Fe2+  at  0.996  mm  s-1  remain  visible, 
probably  due  to  kinetic  restrictions  in  this  high  voltage  region. 

The  cycling  behavior  of  the  electrodes  was  evaluated  at 
increasing  rates  of  C/10,  C/5  and  C/2,  and  eventually  decreasing  to 
C/10  for  the  last  cycles.  Fig.  7  shows  the  discharge  (closed  symbols) 
and  charge  (open  symbols)  capacity  values.  An  enhanced  irre¬ 
versibility  is  observed  after  the  first  cycle  in  NaTi2(P04)3.  The  initial 
discharge  capacity  value  of  120  mA  g_1  was  diminished  to 
106  mA  h  g-1  for  the  second  cycle.  The  latter  value  is  close  to  that 
reported  for  a  related  Na3Ti2(P04)3  phase  [41  .  Coulombic  efficiency 
can  be  calculated  from  charge  and  discharge  capacity  values  for 
each  cycle.  Thus,  the  initial  irreversibility  clearly  affect  to  this  value 
which  is  diminished  to  79%  after  40  cycles  at  different  rates.  On 
substituting  Ti  by  Fe,  we  observe  an  improvement  of  the  revers¬ 
ibility  after  the  first  cycle.  Thus,  the  coulombic  efficiency  after  40 
cycles  was  as  high  as  91,  87  and  85%  for  samples  with  x  =  0.2,  0.4 
and  0.6,  respectively.  The  highest  discharge  capacity  values  were 
recorded  for  the  sample  with  x  =  0.2.  In  this  case,  a  capacity  value  of 
130.2  mA  h  g_1  was  determined  after  the  first  discharge,  which  is 
very  close  to  the  maximum  theoretical  value  expected  for  this 
stoichiometry  (130.8  mA  h  g-1).  Nevertheless,  further  substitution 
of  Ti  by  Fe,  with  the  consequent  introduction  of  additional  sodium 
to  counterbalance  the  positive  charge,  led  to  a  decrease  of  capacity. 
Thus,  discharge  capacity  values  of  119.4  and  116.6  mA  h  g-1  were 
respectively  recorded  after  the  first  discharge  for  samples  with 
x  =  0.4  and  0.6. 


Table  2 

Hyperfine  parameters  of  the  deconvoluted  57Fe  Mossbauer  spectra  of  the 
Nai.4Tii.6Feo.4(P04)3  sample  and  partially  discharged  and  charged  electrodes. 


Sample 

<5 ( mm  s  ^ 

A  (mm  s  a) 

T  (mm  s  1) 

C(%) 

x2 

Original 

0.39(1) 

0.77(1) 

0.61(2) 

100 

0.693 

Discharge  at  x  =  1 

0.46(4) 

0.43(4) 

0.47(9) 

21 

0.469 

1.13(1) 

2.26(2) 

0.59(3) 

79 

End  of  discharge 

1.22(1) 

2.12(2) 

0.50(2) 

100 

0.601 

Charge  at  x  =  1 

1.18(1) 

2.13(2) 

0.66(3) 

100 

0.578 

End  of  charge 

0.42(1) 

0.64(1) 

0.50(2) 

74 

0.568 

1.00(2) 

2.38(4) 

0.47(6) 

26 

5\  isomer  shift;  A:  quadrupolar  splitting;  T:  line-width  at  half  maximum;  C: 
contribution/concentration;  x2:  goodness  of  the  fitting. 


Impedance  spectroscopy  allows  determining  the  internal  cell 
resistances  responsible  for  the  kinetic  response  of  the  working 
electrodes  under  operation.  This  parameter  may  clarify  the  elec¬ 
trode  performance  observed  when  the  electrode  materials  are 
cycled  for  a  number  of  cycles  at  progressively  high  C  rates,  as  shown 
in  Fig.  7.  Nyquist  plots  recorded  for  selected  samples  (x  =  0.0,  0.2 
and  0.6)  are  characterized  by  two  depressed  overlapped  semicircles 
at  high  and  medium  frequencies.  These  features  are  commonly 
attributed  to  the  ion  migration  through  the  surface  layer  (si)  and 
the  charge  transfer  process  (ct)  when  are  transferred  from  the 
electrolyte  towards  the  bulk  of  the  particle.  Additionally,  an 
inductive  loop  appears  at  low  frequencies  (Supplementary  data). 
This  feature  has  been  interpreted  as  a  result  of  the  diffusion  of  the 
alkali  ions  in  a  two  phase  system,  existing  in  a  core-shell  particle. 
This  phenomenon  will  be  affected  by  both  the  relaxation  occurring 
at  the  shell  phase  and  the  phase  transformation  relaxation  process 
from  core  phase.  The  inductive  loop  is  a  consequence  of  the 
coupling  of  both  relaxations  in  the  high  frequency  region  of  diffu¬ 
sion  impedance  according  to  the  theoretical  calculation  [42,43]. 
The  fitting  of  the  spectra  was  carried  out  using  the  model  proposed 
in  Fig.  8.  The  resistance  Re\  refers  to  the  ionic  resistance  of  the 
electrolyte.  Rs\  simulates  the  resistance  at  the  surface  layer  on  the 
electrode.  Rc t  is  set  for  the  impedance  of  charge-transfer  reaction. 
The  CPE  elements  describe  the  capacitive  behavior  at  the  in¬ 
terphases.  Because  of  electrode  roughness  and  inhomogeneous 
reactions,  the  semicircles  are  depressed.  In  this  case,  capacitors  are 
substituted  by  these  elements  allowing  a  better  fitting  of  the 
spectra.  W  represents  diffusion  impedance.  Eventually,  a  resistance 
(Kpt)  paralleled  to  an  inductance  L  allows  to  describe  the  phase 
transformation  [43].  The  resistance  values  for  selected  samples 
have  been  written  in  Table  3.  The  analysis  of  these  values  allow  us 
to  infer  a  close  relationship  between  the  highest  coulombic  effi¬ 
ciency  of  sample  with  x  =  0.2  (88%)  after  the  cycling  at  a  C/2  rate 
and  the  lowest  internal  impedance  recorded  for  this  sample.  After  a 
number  of  cycles,  we  observe  a  notorious  increase  of  the  electrode 
impedance  for  samples  with  x  =  0  and  0.6.  This  variation  is  more 
abrupt  for  Nai.6Tii.4Feo.6(P04)3,  while  a  progressive  of  the  resistance 
is  detected  for  NaTi2(P04)3.  In  contrast,  a  moderate  increase  of  the 
electrode  impedance  was  measured  for  the  sample  with  x  =  0.2 


Table  3 

Resistance  values  calculated  from  the  impedance  spectra  of  Nai+xTi2-xFex(P04)3 
electrodes  after  the  first,  fifth,  tenth  and  fiftieth  discharges. 


x  in  Nai+xTi2_xFex(P04)3 

nth 

discharge 

Rei 

Rsi 

Ret 

^pt 

x  =  0 

1st 

0.004 

0.113 

0.200 

0.067 

5th 

0.004 

0.321 

0.124 

0.055 

10th 

0.004 

0.214 

0.355 

0.084 

50th 

0.006 

0.514 

0.162 

- 

x  =  0.2 

1st 

0.003 

0.142 

0.053 

0.031 

5th 

0.004 

0.127 

0.077 

0.033 

10th 

0.004 

0.166 

0.111 

- 

50th 

0.007 

0.106 

0.285 

0.051 

x  =  0.6 

1st 

0.005 

0.074 

0.290 

0.044 

5th 

0.005 

0.029 

0.411 

0.040 

10th 

0.004 

0.634 

0.072 

0.038 

50th 

0.012 

0.521 

0.140 

- 
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after  50  cycles.  The  main  contribution  to  the  cell  impedance  on  the 
former  samples  after  a  large  number  of  cycles  arise  from  the  surface 
layer,  while  this  value  remained  low  for  Nai.2Tii.8Feo.2(P04)3.  Thus, 
the  moderate  changes  of  the  surface  layer  resistance  at  the  core¬ 
shell  interphase  were  essential  for  preserving  a  stable  cyclability 
over  a  large  number  of  cycles. 

4.  Conclusions 

Titanium  phosphates  with  a  NASICON-related  structure  are 
known  to  provide  a  stable  crystal  structure  for  sodium  diffusion.  By 
adept  addition  of  redox  centers  to  their  composition,  these  envi¬ 
ronmentally  benign  materials  are  studied  here  as  potential  cathodes 
in  sodium  ion  batteries.  Powdered  solids  of  general  stoichiometry 
Nai+xTi2_xFex(P04)3  (0  <  x  <  0.8)  were  obtained  by  a  sol-gel  route 
including  citric  acid  as  a  reagent  to  promote  the  homogeneous 
dispersion  of  metal  elements  and  as  carbon  source  in  the  final 
product.  The  substitution  of  Ti4+  by  Fe3+  ions  and  the  incorporation 
of  additional  Na+  ions  involves  a  slight  increase  of  a,  while  c  de¬ 
creases.  Larger  contents  of  iron  could  not  be  achieved  because  of  the 
appearance  of  a  non-negligible  contribution  of  impurities  in  the 
conditions  of  the  synthesis.  The  electron  micrographs  evidenced  the 
benefits  of  the  preparation  route  for  obtaining  interconnected 
nanometric  particles  of  the  active  material  properly  coated  with 
lamellar  carbon  particles. 

Two  voltage  regions  are  discerned  from  the  discharge  curves.  A 
continuous  voltage  decrease  is  observed  between  2.6  and  2.0  V, 
which  extent  is  directly  related  to  the  iron  content.  It  was  evidenced 
by  the  analysis  of  the  iron  oxidation  state  in  partially  discharged  and 
subsequently  charged  electrodes  by  using  57Fe  Mossbauer  spec¬ 
troscopy.  A  close  inspection  of  the  quasi-equilibrium  experiments  at 
this  voltage  region  revealed  the  presence  of  a  number  of  successive 
small  plateaus  which  points  out  to  the  occurrence  of  local  orderings 
limited  to  short  composition  ranges.  Eventually,  an  extended  flat 
plateau  at  2.0  V  was  ascribed  toTi4+  reduction  through  a  two  phase 
mechanism. 

The  analysis  of  the  electrochemical  performance  of  the  studied 
samples  revealed  that  the  introduction  of  low  content  of  iron 
(x  =  0.2)  is  beneficial  for  achieving  unexpectedly  high  capacity 
values  and  good  capacity  retention  under  different  kinetic  regimes. 
Thus,  a  capacity  value  of  130.2  mA  h  g_1  was  recorded  after  the  first 
discharge  of  the  latter  sample  with  a  good  capacity  retention  even 
at  C/2  rate.  The  EIS  results  between  reveal  particularly  low  resis¬ 
tance  values  for  this  composition. 
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